2 The abbreviations used are: EC, endothelial cell; HGF, hepatocyte growth factor; HLMVEC, human lung microvascular endothelial cell; S1P, sphingo-sine-1-phosphate; SphK1, sphingosine kinase 1; SphK2, sphingosine kinase 2; Spns2, spinster homolog 2; S1PR, sphingosine-1-phosphate receptor; PI3K, phosphatidylinositol-3-kinase; EBM, endothelial basal medium; IP, immunoprecipitation; ROS, reactive oxygen species; EGM-2, endothelial growth medium 2; PCC, Pearson's correlation coefficient.
Hepatocyte growth factor (HGF) signaling via c-Met is known to promote endothelial cell motility and angiogenesis. We have previously reported that HGF stimulates lamellipodia formation and motility of human lung microvascular endothelial cells (HLMVECs) via PI3K/Akt signal transduction and reactive oxygen species generation. Here, we report a role for HGF-induced intracellular sphingosine-1-phosphate (S1P) generation catalyzed by sphingosine kinase 1 (SphK1), S1P transporter, spinster homolog 2 (Spns2), and S1P receptor, S1P 1 , in lamellipodia formation and perhaps motility of HLMVECs. HGF stimulated SphK1 phosphorylation and enhanced intracellular S1P levels in HLMVECs, which was blocked by inhibition of SphK1. HGF enhanced co-localization of SphK1/p-SphK1 with actin/cortactin in lamellipodia and down-regulation or inhibition of SphK1 attenuated HGF-induced lamellipodia formation in HLMVECs. In addition, down-regulation of Spns2 also suppressed HGF-induced lamellipodia formation, suggesting a key role for inside-out S1P signaling. The HGF-mediated phosphorylation of SphK1 and its localization in lamellipodia was dependent on c-Met and ERK1/2 signaling, but not the PI3K/Akt pathway; however, blocking PI3K/Akt signaling attenuated HGF-mediated phosphorylation of Spns2. Down-regulation of S1P 1 , but not S1P 2 or S1P 3 , with specific siRNA attenuated HGF-induced lamellipodia formation. Further, HGF enhanced association of Spns2 with S1P 1 that was blocked by inhibiting SphK1 activity with PF-543. Moreover, HGFinduced migration of HLMVECs was attenuated by down-regulation of Spns2 . Taken together, these results suggest that HGF/c-Met-mediated lamellipodia formation, and perhaps motility is dependent on intracellular generation of S1P via activation and localization of SphK1 to cell periphery and Spns2-mediated extracellular transportation of S1P and its inside-out signaling via S1P 1 . 2 is a complex process involving protrusion, adhesion, contraction, and retraction, which is important for a variety of physiologic and pathologic conditions such as vasculogenesis, angiogenesis, wound healing, and atherogenesis (1, 2) . Emerging evidence suggests that formation of protruding structures, termed lamellipodia, generated at the leading edge of migrating ECs in response to a variety of growth factors, are primarily involved in cell motility (3) . Earlier studies have demonstrated the involvement of actin microfilaments, microtubules, and intermediate filaments in the generation of lamellipodia and EC motility (4) . The driving force for EC motility is fueled by continuous growth of actin filaments and rearrangement of the actin binding protein cortactin in the lamellipodia. The lamellipodia formation is mediated by Rac and Cdc42, which regulate Arp2/3 complex through the Wiskott-Aldrich protein, while Rho GTPase regulates actomyosin contractility via stress actin fiber formation and focal adhesions (5) .
Migration of vascular endothelial cells (ECs)
Hepatocyte growth factor (HGF), also known as scatter factor, promotes EC migration, barrier enhancement, and tumorigenesis through ligation to its receptor, c-Met (6 -10) . c-Met is a receptor tyrosine kinase and ligand binding triggers autophosphorylation at multiple tyrosine sites that serves as a docking platform for recruitment of several adapter proteins such as Grb2, SHC, Crk/CrkL, and Gab1. These adapter proteins in turn recruit several signal transducing proteins to form an intricate signaling complex (11) . HGF binding to c-Met triggers downstream signaling cascade such as PI3K, Akt, and ERK1/2 activation and promotes EC migration (11) . HGF-induced EC migration is also up-regulated by enhanced expression of inducible nitric-oxide synthase, but not endothelial NOS, and partially abrogated by PI3K inhibition (12) . We have recently demonstrated that HGF stimulated c-Met phosphorylation at Tyr 1234/1235 , Tyr 1349 , Tyr 1003 , and Tyr 1313 , as well as Ser 985 and Akt phosphorylation at Thr 308 and Ser 473 , and potentiated lamellipodia formation in HLMVECs (13) . Further, HGF-stimulated NADPH oxidase-dependent reactive oxygen species (ROS) production in lamellipodia and inhibition of c-Met/ PI3K/Akt signaling axis and NADPH oxidase attenuated lamellipodia formation and motility of lung ECs (13) .
During our investigation into mechanism(s) of EC lamellipodia formation, we observed that down-regulation of sphingosine kinase (SphK) 1 or sphingosine-1-phosphate (S1P) transporter, Spns2, partially abrogated HGF-induced lamellipodia formation. Further, inhibiting c-Met tyrosine kinase with SU11274 attenuated intracellular S1P levels in lung ECs. These results suggested a cross-talk and potential interaction between HGF/c-Met and SphK/S1P/S1P receptor (S1PR) signaling axis in lamellipodia formation and EC motility; however, the mechanism(s) of regulation of HGF-mediated lamellipodia formation and EC migration by SphK/S1P/S1PR signaling axis is unclear. Here, we determined the role of SphK1, Spns2, and S1PR in HGF-induced lamellipodia formation in lung ECs. Our results demonstrated that HGF/c-Met signaling stimulated phosphorylation of ERK1/2, which in turn phosphorylated SphK1. Both ERK1/2 and SphK1, but not SphK2, were localized in lamellipodia. Further, HGF stimulation of lung ECs increased intracellular S1P levels via activation of SphK1 and blocking SphK1 or Spns2 abrogated HGF-induced lamellipodia formation. Additionally, knocking down of S1P 1 , but not S1P 2 or S1P 3 , with siRNA attenuated HGF-induced lamellipodia formation. Collectively, these results identify cross-talk between HGF/c-Met and SphK1/Spns2/S1P signaling as a novel pathway of lamellipodia formation and perhaps EC motility.
Results
HGF Induces Phosphorylation of SphK1 and S1P Generation in HLMVECs-In our recent study, we have shown a significant role for HGF-induced c-Met/PI3K/Akt signaling in NADPH oxidase activation and ROS generation in lamellipodia formation and motility of human lung ECs (13) . HGF binding to c-Met triggers a cascade of signal transduction pathways including transactivation of G protein-coupled S1P receptors (8) ; however, the role of this transactivation in lamellipodia formation and cell motility is unclear. We therefore determined the role of HGF/c-Met signaling axis in SphK-mediated S1P generation in lamellipodia formation and EC motility. HLM-VECs expressed both the isoforms of SphK, SphK1 and SphK2; however, stimulation with HGF (20 ng/ml) resulted in a timedependent phosphorylation of SphK1 (Ser 225 ) with no detectable phosphorylation of SphK2 (Thr 578 ) ( Fig. 1, A and B) . The HGF-induced activation of SphK1 resulted in enhanced accumulation of intracellular S1P levels, which was blocked by PF-543 (1 M), a potent and specific inhibitor of SphK1 (14) (Fig. 1C ). HGF enhanced intracellular S1P generation as early as 2 min post-challenge and peaked at 10 min followed by a gradual decline in accumulation (Fig. 1C ). Further, cell lysates from HGF-stimulated HLMVECs exhibited enhanced SphK1 activity compared with control cells in vitro, which was blocked by the SphK1 inhibitor PF-543 ( Fig. 1D ). These results suggest that FIGURE 1. Effect of HGF on activation of SphK1 and S1P generation. Serum-deprived HLMVECs (ϳ90% confluence) were exposed to 20 ng/ml HGF for 2-30 min. A, cell lysates (30 g of protein) were subjected to SDS-PAGE Western blotted for phosphorylation of SphK1 and SphK2 and total SphK1 and SphK2. Shown is a representative blot of three independent experiments in triplicate. Note the increase in SphK1 phosphorylation at 10, 15, and 30 min of HGF stimulation. B, graph represents quantification of the Western blots, and the data are means Ϯ S.E. and expressed as the ratios of phospho-SphK1 or SphK2 to total protein. *, significantly different from cells not exposed to HGF (p Ͻ 0.01). C, HLMVECs (ϳ90% confluence) were pretreated with SphK1 inhibitor PF-543 in DMSO (1 M) or DMSO (1: 2000) for 60 min and then challenged with HGF (20 ng/ml) for varying periods of time. Intracellular S1P was measured by LC-MS/MS as described under "Experimental Procedures." In addition to 0 time, basal S1P levels at 15 and 30 min without HGF treatment were measured, and they were not significantly different from the 0 min. Therefore, basal S1P level at 0 time without HGF addition is shown. The data are means Ϯ S.E. of three independent experiments. *, p Ͻ 0.05 in cells exposed to HGF; #, p Ͻ 0.05 in cells pretreated with PF-543 and exposed to HGF. PF-543, a SphK1 inhibitor, blocked HGF-induced SphK1 phosphorylation. D, HLMVECs grown to ϳ90% confluence were pretreated with vehicle (DMSO 1:2000) or PF-543 (1 M) for 60 min and challenged with HGF (20 ng/ml) for 15 min. SphK activity in cell lysates was carried out as described under "Experimental Procedures." *, p Ͻ 0.05 compared with vehicle control without sphingosine supplement; **, p Ͻ 0.001 compared with vehicle control with sphingosine supplement; #, p Ͻ 0.05 compared with HGF treatment without sphingosine supplement; ##, p Ͻ 0.001 compared with HGF treatment in the presence of sphingosine.
phosphorylation and activation of SphK1 by HGF enhances accumulation of S1P in HLMVECs.
HGF Enhances Co-localization of SphK1 and p-SphK1 with Actin and Cortactin in Lamellipodia of Lung ECs-We have earlier demonstrated that HGF stimulated reorganization and co-localization of actin and cortactin in lamellipodia of HLM-VECs (13) ; however, the role of SphK1 in HGF-mediated lamellipodia formation is not well defined. Therefore, we hypothesized that HGF-induced lamellipodia formation, in part, is dependent on SphK1 activation and its redistribution to lamellipodia and co-localization with actin and cortactin cytoskeleton at cell periphery. Cells challenged with vehicle revealed diffused SphK1, actin, and cortactin staining; however, HGF stimulated F-actin (red) and SphK1 (green) (Fig. 2, A and B) and cortactin (green) and SphK1 (red) (Fig. 2 , C and D) redistribution and co-localization (merge, yellow) to cell periphery. A similar co-localization of p-SphK1 (Ser 225 ) with actin and cortactin in lamellipodia after HGF treatment was observed in HLMVECs ( Fig. 3 , A-D). These results suggest that HGF-induced phosphorylation of SphK1 may play a role in lamellipodia formation in human lung ECs.
Inhibition of c-Met Tyrosine Phosphorylation by SU11274 Attenuates HGF-mediated Phosphorylation of SphK1 and Its
Co-localization with Actin in Lamellipodia-Binding of HGF to its receptor, c-Met, induces dimerization and autophosphorylation of specific tyrosine residues, resulting in enhanced kinase activity and activation of diverse intracellular signaling pathways including MAPKs, STAT3, Rac1, and Akt, which promote lamellipodia formation and cell motility. To determine whether phosphorylation of SphK1 by HGF and p-SphK1 co-localization in lamellipodia with actin is mediated by c-Met signaling axis, we used SU11274, an inhibitor of c-Met tyrosine phosphorylation (15) . As demonstrated earlier (13) , HGF induced c-Met phosphorylation at residues Tyr 1234/1235 in HLMVECs (Fig. 3A) , and pretreatment of cells with SU11274 (1 M) for 1 h prior to HGF treatment (20 ng/ml, 15 min) significantly attenuated HGF-induced c-Met phosphorylation at residues Tyr 1234/1235 , SphK1 phosphorylation at Ser 225 , and ERK1/2 phosphorylation (Thr 202 /Tyr 204 ) ( Fig. 4, A and B) . As a result of inhibition of SphK1, S1P generation induced by HGF was significantly attenuated by SU11274 ( Fig. 4C ). Furthermore, inhibition of c-Met phosphorylation by SU11274 attenuated phospho-SphK1 (green) co-localization with actin (red) in lamellipodia (merge, yellow) ( Fig. 4D ). Taken together, these results establish a key role for HGF/c-Met signaling in SphK1 phosphorylation and co-localization with actin in lamellipodia of HLMVECs.
Inhibition of SphK1 Activity or Down-regulation of SphK1 Protein Expression Impairs HGF-mediated Lamellipodia Formation in Lung Ecs-Having established that SphK1/p-SphK1 is localized in lamellipodia in response to HGF treatment, we sought to determine whether SphK1 activity and/or protein expression is required for lamellipodia formation. Intrinsic SphK1 activity in HLMVECs was inhibited by PF-543, a specific inhibitor of SphK1, or SphK1 expression was down-regulated by siRNA transfection. As shown in Fig. 5 (A and B) , pretreatment of HLMVECs with PF-543 (1 M) for 1 h significantly attenuated HGF-induced lamellipodia formation as indicated by co-localization of actin (red) and cortactin (green) in the cell periphery (merge, yellow) by immunofluorescent staining. Similarly, knockdown of SphK1, but not SphK2, using specific siRNA significantly attenuated HGF-induced co-localization of actin (red) and cortactin (green) in lamellipodia ( Fig. 5 , C and D). Knockdown of SphK1 and SphK2 was confirmed by West- ern blotting ( Fig. 5E ). Furthermore, intrinsic SphK1 activity was inhibited by transfection of cells with catalytically inactive FLAG-tagged adenoviral SphK1 plasmid. In control cells, there was no difference between transfected and non-transfected cells in terms of cortactin localization; however, cells transfected with SphK1 mutant adenovirus did not show cortactin localization in lamellipodia after stimulation with HGF (data not shown). These results show a potential role for SphK1 activity and protein expression in HGF-induced lamellipodia formation in lung ECs.
Role of ERK1/2 and PI3K in HGF-mediated SphK1 Phosphorylation and Co-localization in Lamellipodia of HLMVECs-ERK1/2 has been shown to be phosphorylated in response to growth factors and localized to lamellipodial protrusion and adhesions (16) . Also, there is evidence that ERK1/2 mediates phosphorylation of SphK1 at Ser 225 and other Ser/Thr residues in mammalian cells in response to external stimuli (17) . To further investigate the role of ERK1/2 and PI3K in SphK1 phosphorylation and lamellipodia formation, we used PD98059, an ERK1/2 inhibitor, and LY294002, a PI3K specific inhibitor. PD98059 significantly attenuated HGF-induced co-localization of p-SphK1 (green) with cortactin (red) in lamellipodia (merge, yellow) and redistribution of p-SphK1 in cell periphery (Fig. 6 , A and B), as well as phosphorylation of ERK1/2 and SphK1 ( Fig. 7C ). Furthermore, immunofluorescent staining showed enhanced co-localization of phospho-SphK1 with phospho-ERK1/2 at lamellipodia in response to HGF stimulation ( Fig. 7 , A and B). However, the PI3K inhibitor LY294002 had no effect on HGF-induced SphK1 or ERK1/2 phosphorylation ( Fig. 7 , E and F). These results indicate that ERK1/2, but not PI3K, mediates phosphorylation of SphK1 and its localization in lamellipodia. S1P Transporter, Spns2, Mediation Is Essential for HGF-induced Lamellipodia Formation in HLMVECs-Having established a role for SphK1 in HGF-induced lamellipodia formation, we next investigated whether Spns2, the S1P transporter, plays a role in HGF-induced lamellipodia formation and cell motility. As shown in Fig. 8 (A and B) , vehicle-treated HLM-VECs revealed a diffused cytosolic distribution of Spns2 (green) and HGF treatment induced redistribution of Spns2 to cell periphery and co-localization with actin (red) in lamellipodia (merge, yellow). To determine the role of Spns2 in lamellipodia formation and cell motility, Spns2 was down-regulated (Ͼ80%) by Spns2 specific siRNA for 72 h prior to HGF stimulation ( Fig.  8E ). Down-regulation of Spns2 with siRNA significantly inhibited HGF-induced lamellipodia formation, as determined by actin (red) and cortactin (green) co-localization in cell periphery ( Fig. 8 , C and D). We next investigated whether HGF-induced S1P generated inside the cell signals via inside-out mechanism using a specific anti-S1P antibody (18) . Exogenous addition of anti-S1P monoclonal antibody (150 g/ml) to the medium blocked HGF-induced lamellipodia formation compared with control HLMVECs treated with IgG (150 g/ml) ( Fig. 8 , F and G).
Intracellular S1P levels in scrambled RNA-and Spns2 siRNA-transfected cells did not show significant difference in the absence of HGF; however, a statistically significant increase in intracellular S1P levels was observed between scrambled RNA-transfected and Spns2 siRNA-transfected cells after HGF treatment ( Fig. 9A ), indicating that HGF-induced intracellular S1P could not be effectively transported outside. No difference in S1P levels was seen in the medium in cells treated with scrambled or Spns2 siRNA in the absence or presence of HGF (data not shown). To investigate the role of Spns2 in cell motil- ity, wound healing assay was performed with scrambled and Spns2 siRNA-transfected HLMVECs. As shown in Fig. 9 (B and C), HGF enhanced the process of wound closure compared with control cells, and knockdown of Spns2 significantly attenuated HGF-mediated wound healing. These results show an essential role of Spns2 in HGF-induced lamellipodia formation and cell motility in human lung ECs. S1P 1 , but Not S1P 2 or S1P 3 , Mediates HGF-induced Lamellipodia Formation in HLMVECs-S1P, generated in cells by SphK1/2, can signal intracellularly or extracellularly (inside-out mechanism) by ligation to cell surface G protein-coupled S1P [1] [2] [3] [4] [5] . Human lung ECs exhibit high expression of S1P 1 and S1P 3 (19) . To further characterize the type of S1P receptor(s) involved in HGF-mediated lamellipodia formation, S1P 1 , S1P 2 , and S1P 3 were down-regulated by specific siRNA, and knockdown of these receptors was confirmed by Western blotting (Fig. 10C ). As expected, HGF stimulated redistribution of actin (red) and cortactin (green) to cell periphery and enhanced colocalization of actin and cortactin in lamellipodia (merge, yel-low) ( Fig. 10A ). Furthermore, HGF-induced lamellipodia was inhibited in cells transfected with S1P 1 , but not S1P 2 or S1P 3 , siRNA ( Fig. 10B) . These results suggest a role for S1P 1 in mediating HGF-induced lamellipodia formation in human lung ECs.
HGF Signaling Enhances Association between SphK1, S1P 1 , and Spns2 in HLMVECs-Given our results indicating that both Spns2 and SphK1 are localized in lamellipodia in response to HGF, we next investigated potential association between SphK1, S1P 1 , and Spns2 before and after HGF stimulation. HLMVECs were infected with control adenovirus or FLAGtagged SphK1 adenovirus prior to HGF stimulation, cell lysates were subjected to immunoprecipitation with anti-FLAG antibody, and the immunoprecipitates were analyzed for co-immunoprecipitation of Spns2, S1P 1 , or FLAG tag. As shown in Fig. 11A , HGF challenge enhanced SphK1 interaction with S1P 1 and Spns2 compared with vehicle treated cells. Similarly, HGF challenge increased co-immunoprecipitation of Spns2 and p-SphK1 in S1P 1 immunoprecipitates ( Fig. 11C) and S1P 1 and p-SphK1 in Spns2 immunoprecipitates (Fig. , and anti-ERK antibodies as indicated, and fold changes normalized to total ERK were determined from the respective Western blots by ImageJ. Shown are representative blots from three independent experiments. The values are the means Ϯ S.E. *, significantly different from control cells without SU11274 (p Ͻ 0.01); #, significantly different from HGF-treated cells without SU11274 (p Ͻ 0.01). C, HLMVECs grown to ϳ90% confluence on 35-mm dishes were labeled with [ 32 P]orthophosphate (20 C i /ml) in DMEM-phosphate free medium for 3 h prior to treatment with SU11274 (1 M, 30 min) followed by stimulation with vehicle or HGF (20 ng/ml) for 30 min. Lipids were extracted and analyzed for [ 32 P]S1P accumulation in cells by thin layer chromatography as described under "Experimental Procedures." The values are the means Ϯ S.E. of three independent experiments in triplicate, and the S1P formed was normalized to 10 5 cells. D, HLMVECs grown on slide chambers to ϳ95% confluence were pretreated with SU11274 (1 M, 30 min) prior to stimulation with HGF (20 ng/ml) for 30 min and probed with anti-actin and anti-p-SphK1 (ser225) antibodies, and lamellipodia were examined by immunofluorescence microscopy with 60ϫ oil objective. Co-localization of actin (red) and p-SphK1 (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining. Shown are representative images from three independent experiments. Insets depict enhanced actin and p-SphK1 accumulation in lamellipodia that was blocked by SU11274 treatment of cells. E, HGF-induced co-localization of p-SphK1 with actin in the presence or absence of SU11274 was quantified using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. 11E). A similar increase in co-localization of SphK1 with Spns2 and SphK1 with S1P 1 in lamellipodia was observed by immunofluorescence after HGF stimulation of HLMVECs (Fig. 11, G and I) . These data suggest that Spns2, SphK1, and S1P 1 may be part of a protein platform in lamellipodia of human lung ECs.
Akt, but Not ERK1/2, Mediates HGF-induced Spns2 Phosphorylation in HLMVECs-We have previously reported that PI3K/Akt pathway activated by HGF mediated lamellipodia formation in HLMVECs (13) ; however, the present data did not show involvement of PI3K/Akt in SphK1 phosphorylation. Therefore, we hypothesized that PI3K/Akt pathway may be FIGURE 5. Inhibition of SphK1 activity or down-regulation of SphK1, but not SphK2, expression attenuates HGF-induced lamellipodia formation. A, HLMVECs grown on slide chambers to ϳ90% confluence were pretreated with PF-543 (1 M), a specific SphK1 inhibitor, for 1 h prior to stimulation with HGF (20 ng/ml) for 30 min and probed with anti-actin, anti-cortactin antibodies, and lamellipodia were examined by immunofluorescence microscopy with 60ϫ oil objective. Co-localization of actin (red) and cortactin (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining. Shown are representative images from three independent experiments. Insets depict enhanced actin and cortactin in lamellipodia that was blocked by PF-543. B, lamellipodia formation was quantified and expressed as a percentage of control. The values are the means Ϯ S.E. of three experiments, and at least 20 cells were analyzed for each treatment. *, significantly different from control cells without HGF (p Ͻ 0.01); #, significantly different from HGF treated cells without PF-543 (p Ͻ 0.05). C, HLMVECs grown on slide chambers to ϳ50% confluence were transfected with scrambled (sc), SphK1, or SphK2 specific siRNA for 48 h prior to challenge with HGF (20 ng/ml) for 30 min. Shown are representative images of three independent experiments. D, lamellipodia formation was quantified and expressed as a percentage of control. The values are the means Ϯ S.E. of three experiments, and at least 20 cells were analyzed for each treatment. *, significantly different from scRNA transfected control cells (p Ͻ 0.01); **, significantly different from scRNA transfected cells challenged with HGF (p Ͻ 0.05); #, not significantly different from scRNA transfected cells stimulated with HGF (p Ͼ 0.05). E, HLMVECs grown on 35-mm dishes to 50% confluence were transfected with scrambled siRNA, SphK1, or SphK2 siRNA for 48 h as indicated in C, and cell lysates were subjected to 10% SDS-PAGE and probed with anti-SphK1, anti-SphK2 and anti-actin antibodies. Shown is a representative blot from three independent experiments. Transfection of HLMVECs with SphK1 and SphK2 siRNA downregulated the expression of SphK1 and sphK2 proteins ϳ75% compared with scRNA transfected cells, and knockdown of protein was specific for the two siRNAs. Con, control; Veh, vehicle.
regulating lamellipodia formation by phosphorylation of Spns2. Exposure of HLMVECs to HGF stimulated phosphorylation of Akt (Fig. 7E ) and the S1P transporter Spns2 at the serine residue ( Fig. 12A) . Interestingly, pretreatment of cells with Akt inhibitor VIII significantly blocked HGF-induced Spns2 phosphorylation ( Fig. 12A ). However, pretreatment of cells with the ERK inhibitor PD98059 had no effect on Spns2 phosphorylation (Fig. 12C ). Additionally, we investigated effect of Akt inhibitor VIII on lamellipodia formation in response to HGF treatment of HLMVECs. As expected, the Akt inhibitor VIII significantly attenuated HGF-induced lamellipodia formation. These results indicate that HGF stimulates SphK1 phosphor-ylation via ERK and Spns2 phosphorylation via Akt pathway in lung ECs.
Discussion
Disruption of the endothelial barrier integrity in the pulmonary circulation is evidenced in acute lung injury and is related to widespread alveolar edema and consequent life-threatening hypoxemia. Re-establishing endothelial integrity is critical in restoring proper gas exchange. However, the detailed molecular mechanisms regulating resealing of gaps and restoration of barrier integrity are yet to be fully defined. Because lamellipodial protrusions generated at the leading edge of cells are important for closing the gaps, in the current study we extend our previous findings on the role of HGF/c-Met signaling axis in augmenting lamellipodia formation and cell motility in vivo and in vitro (13) and show a role for SphK1/S1P signaling in lamellipodia formation in lung ECs by HGF. Our results demonstrate that HGF/c-Met signaling stimulated SphK1 and Spns2 phosphorylation by ERK1/2 and Akt, respectively, and blocking SphK1 or down-regulation of SphK1 or Spns2 with siRNA attenuated HGF-mediated lamellipodia formation.
The first important and novel aspect of the present study is the activation of SphK1/S1P signaling axis by HGF ligation to c-Met in regulation of lamellipodia formation and EC motility. We have previously reported that HGF-induced c-Met tyrosine phosphorylation stimulated canonical activation of PI3K/Akt pathway required for p47 phox /Cortactin/Rac1 co-localization and ROS generation in lamellipodia of lung ECs (13) . Our results show that HGF/c-Met signaling also promotes phosphorylation and activation of SphK1 and enhanced S1P generation in lung ECs as treatment of cells with SphK1 siRNA or PF-543, a specific inhibitor of SphK1, decreased S1P levels in the cell and lamellipodia formation. The intracellularly generated S1P is transported out of the cell by ATP binding cassette transporters (20) and/or by the recently identified S1P transporter, Spns2 (21) . The functional link between S1P inside-out transport and transactivation was evident because silencing of S1P 1 expression with siRNA significantly blunted HGF-induced lamellipodia formation; however, knockdown of S1P 2 or S1P 3 with siRNA had no significant effect on HGF-mediated lamellipodia formation. These results suggest a transactivation signaling mechanism in operation wherein HGF challenge promotes enhanced S1P generation via SphK1, which signals extracellularly via G protein-coupled S1P 1 . Activation of SphK1 regulated HGF-induced migration of ECV304 transformed ECs, which was pertussis toxin-insensitive, suggesting non-involvement of G i -coupled S1P 1 signaling in migration (22) . This is in contrast to our current observations related to the role of S1P 1 in HGF-induced lamellipodia formation. Cross-talk between G protein-coupled receptors and receptor tyrosine kinases is a well established concept in signal transduction (23) . Epidermal growth factor receptor, Her2/neu, PDGF-␤ receptor, insulinlike growth factor-1 receptor, and vascular endothelial growth factor receptors have been shown to be transactivated by lysophosphatidic acid (24 -27) and S1P (26, 28 -30) ; however, transactivation of G protein-coupled receptors by receptor tyrosine kinases is under studied. In a recent investigation, HGF/c-Met signaling axis augmented vascular barrier integrity FIGURE 6. Blocking ERK activation with PD98059 attenuates HGF-induced SphK1 phosphorylation and localization in lamellipodia. A, HLM-VECs grown on slide chambers to ϳ90% confluence were pretreated with PD98059 (1 M), a specific inhibitor that blocks Erk phosphorylation, for 1 h prior to stimulation with HGF (20 ng/ml) for 30 min, probed with anti-cortactin and anti-phospho-SphK1 (Ser 225 ) antibodies, and lamellipodia were examined by immunofluorescence microscopy with 60ϫ oil objective. Co-localization of cortactin (green) and p-SphK1 (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining. Shown are representative images from three independent experiments. Insets depict enhanced cortactin and p-SphK1 in lamellipodia that was blocked by PD98059. B, the co-localization of cortactin and p-SphK1 in lamellipodia was quantified using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. Con, control. DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 in vitro and in vivo via transactivation of S1P 1 and integrin ␤4, which involved recruitment of c-Met, S1P 1 , and integrin ␤4 to caveolin-enriched lipid rafts of lung ECs (8) . However, the role of SphK1 in transactivation of S1P 1 and integrin ␤4 was not established (8) .
Sphingosine Kinase 1 Contributes to HGF-induced Lamellipodia
The interdependence between HGF/c-Met signaling and S1P 1 is further evidenced by the fact that knockdown of Spns2 abolished lamellipodia formation in HLMVECs (Fig. 8) . In many cells including ECs, the intracellularly generated S1P is secreted out via ATP binding cassette transporters (31) (32) (33) or S1P specific Spns2 transporter (34 -36) . The mechanism by which HGF/c-Met signaling modulates Spns2 is unknown. We show here for the first time that stimulation of HLMVECs with HGF enhanced the phosphorylation of Spns2 at serine and 
. HGF stimulates co-localization of p-SphK1 and p-ERK in lamellipodia and SphK1 phosphorylation is mediated by ERK and not PI3K in HLMVECs.
A, HLMVECs grown on slide chambers to ϳ90% confluence were treated with HGF (20 ng/ml, 30 min) or PBS and probed with anti-p-SphK1 (Ser 225 ) and anti-p-Erk (Thr/Ser 204 ) antibodies, and lamellipodia formation was examined by immunofluorescence microscopy with 60ϫ oil objective. Co-localization of phospho-SphK1 and phospho-ERK was performed as described under "Experimental Procedures." Co-localization of phospho-SphK1 (red) and phospho-ERK (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining. Shown are representative images from three independent experiments. Insets depict enhanced co-localization of p-SphK1 and p-Erk in lamellipodia. B, the co-localization of phospho-SphK1 and phospho-ERK in lamellipodia was quantified from A using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. C, HLMVECs grown to ϳ90% confluence in 35-mm dishes were pretreated with PD98059 (1 M, 30 min) followed by HGF (20 ng/ml, 30 min) treatment. The cell lysates were subjected to 10% SDS-PAGE and probed with anti-phospho-ERK1/2, anti-phospho-SphK1, anti-ERK1/2, and anti-SphK1 antibodies. Shown are representative blots from three independent experiments. D, phosphorylation of SphK1 and ERK was analyzed from C by ImageJ software. The values are the means Ϯ S.E. *, significantly different compared with cells not stimulated with HGF (p Ͻ 0.01); #, significantly different in cells pretreated with PD98059 and exposed to HGF as compared cells exposed to HGF without the inhibitor (p Ͻ 0.05). E, HLMVECs grown to ϳ90% confluence in 35-mm dishes were pretreated with LY294002 (1 M), a PI3K inhibitor, for 30 min followed by HGF (20 ng/ml, 30 min) treatment. The cell lysates were subjected to 10% SDS-PAGE and probed with anti-phospho-Akt, anti-phospho-ERK1/2, anti-phospho-SphK1, anti-Akt, anti-ERK1/2, and anti-SphK1 antibodies. Shown is a representative blot from three independent experiments. F, phosphorylation of SphK1, ERK, and Akt was analyzed by image analysis of Western blots from E. The values are the means Ϯ S.E. *, significantly different compared with HGF non-treated control cells (p Ͻ 0.01); #, significantly different compared with HGF challenged cells (p Ͻ 0.05); **, not significant compared with LY294002 treated cells exposed to HGF (p Ͼ 0.05). Con, control.
threonine but not tyrosine residue(s) (Fig. 11 ). Further, this phosphorylation was mediated by PI3K and not ERK1/2 as evidenced by studies with Akt and ERK1/2 inhibitors. Inhibition of Akt with the Akt inhibitor not only blocked Spns2 phosphorylation but also reduced HGF-induced lamellipodia formation ( Fig. 12 ). On the contrary, Spns2 knockdown enhanced nonsmall cell lung carcinoma cell migration, which was reversed by SphK inhibition by SkI-1 (37) , thereby suggesting that accumulation of intracellular S1P as a major factor responsible for enhanced cell migration after Spns2 knockdown. Interestingly, FIGURE 8 . Spns2 and extracellular S1P are essential for HGF-induced lamellipodia formation in HLMVECs. A, HLMVECs grown to ϳ90% confluence in slide chambers were treated with HGF (20 ng/ml) or PBS for 30 min and probed with anti-actin and anti-Spns2 antibodies, and lamellipodia formation was examined by immunofluorescence microscopy. Co-localization of actin (red) and Spns2 (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining as described under "Experimental Procedures." Insets depict enhanced co-localization of actin and Spns2 in lamellipodia after HGF challenge of HLMVECs. B, the co-localization of actin and Spns2 in lamellipodia was quantified from using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. C, HLMVECs grown to ϳ50% confluence on slide chambers were transfected with scrambled (sc) or Spns2 siRNA (100 nM, 48 h) prior to HGF (20 ng/ml) or PBS challenge for 30 min and probed with anti-actin and anti-cortactin antibodies, and lamellipodia formation was examined by immunofluorescence microscopy with 60ϫ oil objective. Co-localization of actin (red) and cortactin (green) in lamellipodia (merge, yellow) was visualized by immunofluorescent staining. Shown are representative images of three independent experiments. D, lamellipodia was quantified using ImageJ software and expressed as a percentage of scRNA control cells. At least 20 cells were analyzed for each condition. The values are the means Ϯ S.E. *, significantly different compared with scRNA control cells (p Ͻ 0.01); # , significantly different in Spns2 siRNA transfected cells stimulated with HGF as compared with scRNA cells stimulated with HGF (p Ͻ 0.05). E, HLMVECs grown on 35-mm dishes to 50% confluence were transfected with scRNA or Spns2 siRNA for 48 h as indicated in C, and cell lysates were subjected to 10% SDS-PAGE and probed with anti-Spns2 antibody. Shown is a representative blot from three independent experiments. Transfection of HLMVECs with Spns2 siRNA down-regulated ϳ85% of native Spns2 protein expression compared with scsiRNA transfected cells. F, HLMVECs grown to ϳ90% confluence on slide chambers were preincubated with IgG (150 g/ml) or S1P neutralizing (150 g/ml) antibody for 1 h prior to HGF (20 ng/ml) or PBS challenge for 30 min, cells were probed with anti-actin and anti-cortactin antibodies, and lamellipodia formation was examined by immunofluorescence microscopy with 40 ϫ objective. Shown are representative images of three independent experiments. G, lamellipodia was quantified using ImageJ software and expressed as a percentage of IgG control cells. At least 20 cells were analyzed for each condition. The values are the means Ϯ S.E. *, significantly different compared with IgG control cells (p Ͻ 0.05); #, significantly different compared with IgG HGF-treated cells (p Ͻ 0.01). Con, control. knockdown of Spns2 in non-small cell lung carcinoma cells down-regulated S1P 1 and S1P 3 expression and up-regulated PI3K/Akt and JNK/STAT3 pathways, accounting for the increased cell migration. In contrast to A549 cells, migration of lung ECs required Spns2-mediated transport of intracellular S1P to extracellular milieu for signaling via S1PRs, especially S1P 1 . It is unclear whether Spns2 knockdown in lung ECs also modulate expression of S1PRs. Further, in this study we have not demonstrated a direct link between the Spns2 phosphorylation to lamellipodia formation, and mapping of the Akt dependent serine/threonine phosphorylation sites on Spns2 will be necessary to generate site-specific mutants to link specific serine/threonine phosphorylation to lamellipodia formation. Further, using anti-S1P antibody to neutralize S1P, we have demonstrated that extracellular S1P released from HLMVECs via Spns2 was critical to HGF-mediated lamellipodia formation. In addition, our results suggest potential interactions between SphK1, Spns2, and S1P 1 that facilitate the inside-out signaling of secreted S1P in an autocrine or paracrine fashion. However, the co-immunoprecipitation and pulldown data do not conclusively prove that these proteins bind to each other. In fact, it is possible that these proteins are somehow interconnected by binding to cytoskeletal elements such as actin and/or cortactin. Further studies using recombinant proteins and FRET analysis are necessary to prove potential direct interaction between SphK1, Spns2, and S1P 1 in the lamellipodia after stimulation with HGF.
Another interesting finding of this study is involvement of two independent kinases mediating HGF-induced phosphorylation of SphK1 and Spns2 in HLMVECs. ERK plays an important role in SphK1 activation. The ERK pathway is one of the principle signaling cascades by which cells respond to extracellular and intracellular cues. ERK is known to be required for membrane ruffling and extension (16, 38) . There is evidence for localization of ERK in lamellipodia in response to growth factors. ERK regulates protrusion via its phosphorylation and activation of focal adhesion proteins and WAVE2 regulatory complex (16) . We found that HGF activates ERK as evidenced by ERK phosphorylation. Inhibition of ERK by PD98059 significantly inhibited SphK1 phosphorylation at Ser 225 . In addition to ERK, SphK1 is also phosphorylated by PKC. Interestingly, in a recent study mouse SphK1 was negatively regulated by PKC␣dependent phosphorylation of Ser 373 residue (39) . Thus, phosphorylation of SphK1 at different residues may have opposing effects on its activity, which needs further investigation. Very FIGURE 9 . Spns2 siRNA blocks HGF-induced endothelial cell migration. A, HLMVECs grown to ϳ50% confluence on 35-mm dishes were transfected with scrambled (sc) or Spns2 siRNA (100 nM, 48 h) as described under "Experimental Procedures." After 48 h, the medium was aspirated, and cells were labeled with [ 32 P]orthophosphate (20 C i /ml) in DMEM phosphate-free medium for 3 h prior to stimulation with vehicle or HGF (20 ng/ml) for 30 min in the presence or absence of exogenous sphingosine (1 M). The lipids were extracted from the media (extracellular) and cells (intracellular) and analyzed for [ 32 P]S1P accumulation by thin layer chromatography as described under "Experimental Procedures." The values are the means Ϯ S.E. of three independent experiments in triplicate, and the S1P formed was normalized to 10 5 cells. *, significantly different from control cells not treated with HGF (p Ͻ 0.01); #, significantly different from cells transfected with scRNA and stimulated with HGF with or without exogenous sphingosine (p Ͻ 0.05). B and C, HLMVECs grown on 35-mm dishes to ϳ50% confluence were transfected with sc or Spns2 siRNA as described in A for 48 h. The cells were wounded as described under "Experimental Procedures," cell migration was viewed and imaged using a confocal microscope. Wound closure was calculated at 3-, 5-, and 7-h time points after the injury. The values are the means Ϯ S.E. of three independent experiments in triplicate. The results show that knockdown of Spns2 with siRNA attenuated HGF-induced wound closure compared with scsiRNA-treated cells challenged with HGF. Con, control.
little is known regarding the role of Spns2 phosphorylation in cell migration. Unlike SphK1 phosphorylation, Spns2 phosphorylation is regulated by PI3K/Akt pathway. We found that Akt inhibitor significantly reduced Spns2 phosphorylation, but not SphK1 phosphorylation. Further, inhibition of PI3K activity by LY294002 blocked Akt phosphorylation, but not ERK. Nonetheless, inhibition of c-Met by SU11274 inhibited both ERK and SphK1 phosphorylation and lamellipodia formation.
In summary, our findings support the transactivation of SphK1/S1P/S1P 1 pathway by HGF/c-Met signaling axis in lamellipodia formation and motility of lung ECs (35) . These findings also support a critical role of the S1P transporter, Spns2, and potential interaction and functional link between SphK1, Spns2, and S1P 1 in HGF-mediated lamellipodia formation (Fig. 13) . The importance of our findings on SphK1, Spns2, and S1P 1 attests to the significance of sphingolipids and sphingolipid metabolizing enzymes in lung inflammation and injury in respiratory diseases and development of drugs against sphingolipid metabolizing enzyme(s) for intervention.
Experimental Procedures
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Akt inhibitor VIII (catalog no. ENZ-CHM125-0001) was from Enzo Life Sciences Inc. (Farmingdale, NY).
Cell Culture-HLMVECs were cultured in complete growth medium containing endothelial growth medium-2 (EGM-2) with 10% fetal bovine serum and growth factors provided as a kit by the supplier (Lonza, San Diego, CA). The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 and 95% air as previously described (13) . Endothelial cells were used at passages 5-7, and on the day prior to experimentation, the cells were incubated in EGM-2 containing 2% FBS.
Analysis of Cellular S1P by LC-MS/MS-Total lipids from
HLMVECs were extracted under acidic conditions using 0.1 M HCl and C17-S1P, which was added as an internal standard during the lipid extraction step (18, 40) . The lipid extracts were dissolved in ethanol (200 l), and aliquots were analyzed for total lipid phosphorus and then subjected to LC-MS/MS for quantification of S1P as described previously (18, 40) .
Intracellular and Extracellular Levels of [ 32 P]S1P Formation in HLMVECs Stimulated by HGF-HLMVECs in 35-mm dishes, transfected with either scrambled or Spns2 siRNA, were labeled with [ 32 P]orthophosphate (20 C i /ml) in phosphatefree DMEM for 3 h. The radioactive medium was aspirated, 1 ml of EGM-2 containing 0.1% fatty acid-free BSA was added, and cells were exposed either to vehicle or HGF (20 ng/ml) in the presence or absence of sphingosine for 30 min. Lipid labeling was terminated by the addition of 100 l of 1 M HCl, followed by 2 ml of methanol. The cells were harvested with a cell scraper, and the lipids were partitioned after vortexing into the chloroform phase by the addition of 2 ml of chloroform and 700 l of 1 M HCl to get a final ratio of 1:1:0.9 (v/v/v) of chloroform:methanol:acidic aqueous phase. The total lipid extracts were dried under N 2 and subjected to TLC and autoradiography; the area corresponding S1P was excised, and radioactivity was determined by liquid scintillation counting (41) . The data were normalized to total radioactivity in 10 5 cells.
SphK Activity Assay-HLMVECs grown to ϳ90% confluence in 35-mm dishes were challenged with EBM-2 medium alone or medium containing HGF (20 ng/ml) in the presence of 0.1% fatty acid free BSA for 15 min. The cells were rinsed in ice-cold PBS, scraped, and centrifuged at 1000 ϫ g for 10 min. The pellet was resuspended in 1 ml of 5 mM MOPS buffer (pH 7.4) containing 1 mM EDTA, 0.25 M sucrose, 1 mM PMSF, and 10% glycerol (v/v) sonicated with a probe sonicator (3 ϫ 20 s), centrifuged at 5000 ϫ g at 4°C for 5 min, and the supernatants were used for SphK activity in vitro assay. The SphK activity was carried out in 10 mM HEPES buffer (pH7.4) containing 10 mM MgCl 2 , 5 mM ␤-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 100 M Triton X-100, and 25 g of total cell lysate protein. The reaction was initiated by the addition of the substrate, sphingosine (5 M) in 0.1% fatty acid-free BSA and [␥-32 P]ATP (200 M; specific activity 2200 dpm/pmol) in a final volume of 0.1 ml. The reaction was terminated by the addition of 1 ml of methanol:HCl (100:1, v/v), and lipids were extracted by the addition of 1 ml of chloroform and 0.8 ml of 0.1 N HCl (41) . The tubes were thoroughly mixed and centrifuged, and the lower chloroform phase was analyzed for [ 32 P]S1P formed by thin layer chromatography (41) . The plates were exposed to X-ray film, and radioactivity associated with S1P was quantified by scintillation counting.
Transfection of HLMVECs with Small Interfering RNA-Depletion of endogenous SphK1, SphK2, S1P 1 , S1P 2 , S1P 2 , and Spns2 proteins in HLMVECs was carried out using gene-specific siRNA as described previously (13, 42) . In brief, predesigned siRNA of human SphK1, SphK2, S1P 1 , S1P 2 , S1P 3 , Spns2, or nonspecific/non-targeting siRNA were used to transfect HLMVECs (passage of 5-7) for 72 h. Each siRNA contained at least three different sequences targeting the mRNA of each gene. Prior to transfection, the cells were starved in EBM-2 basal medium containing 2% BSA for 24 h. The next day, 50 nM scrambled or gene specific siRNA complexes were prepared in Gene Silencer transfection reagent according to the manufacturer's recommendation, and the cells were transfected in serum-free medium for 4 h, and the medium was replaced with fresh complete EBM-2 medium supplemented with 10% FBS and growth factors, and the cells were stimulated with HGF 72 h post-transfection.
Immunoblotting and Immunoprecipitation-Immunoblotting and immunoprecipitation (IP) of cell lysates were performed as described previously (43) . In brief, after appropriate treatments, the cells were pelleted in ice-cold PBS, lysed in stan- FIGURE 11 . HGF enhances association between SphK1, Spns2, and S1P 1 in HLMVECs. A, HLMVECs grown to ϳ70% confluence on 100-mm dishes were infected with FLAG-tagged SphK1 adenovirus (10 multiplicity of infection) for 48 h, followed by HGF (20 ng/ml) challenge for 30 min. The cells were lysed in lysis buffer, and lysates (1 mg protein) were subjected to immunoprecipitation with anti-FLAG antibody and Western blotted with anti-FLAG, anti-S1P 1 , or anti-Spns2 antibody. Shown is a representative blot from three independent experiments. B, Western blots from A were subjected to image analysis, immunostaining was quantified, and data were normalized to FLAG pixels. The values are the means Ϯ S.E. *, significantly different from cells not exposed to HGF. The results show enhanced association between SphK1, S1P 1 , and Spns2 after HGF stimulation (p Ͻ 0.05) compared with control cells without HGF treatment. C, HLMVECs grown to ϳ90% confluence on 100-mm dishes were exposed to HGF (20 ng/ml) for indicated time points, cell lysates (1 mg of protein) were subjected to immunoprecipitation with anti-S1P 1 antibody, and immunoprecipitates were subjected to Western blotting with anti-p-SphK1 (Ser 225 ) and anti-Spns2 antibodies. Shown is a representative blot from three independent experiments. D, Western blots from C were subjected to image analysis, bands were quantified, and data were normalized to total S1P 1 immunostaining. The values are the means Ϯ S.E. *, significantly different from cells not exposed to HGF (p Ͻ 0.01); #, significantly different compared with control cells not stimulated with HGF (p Ͻ 0.05); **, significantly different compared with control cells not exposed to HGF (p Ͻ 0.001); ##, significantly different compared with control cells not stimulated with HGF (p Ͻ 0.005). The results show enhanced association of p-SphK1 and Spns2 in S1P 1 immunoprecipitates after HGF stimulation of HLMVECs. E, HLMVECs grown to ϳ90% confluence on 100-mm dishes were exposed to HGF (20 ng/ml) for indicated time points, cell lysates (1 mg protein) were subjected to immunoprecipitation with anti-Spns2 antibody, and immunoprecipitates were subjected to Western blotting with anti-p-SphK1 (Ser 225 ), anti-S1P 1 , anti-phosphoserine, anti-phosphothreonine, and anti-Spns2 antibodies. Shown is a representative blot from three independent experiments. F, Western blots from E were subjected to image analysis, bands were quantified, and data were normalized to total Spns2 immunostaining. The values are the means Ϯ S.E. *, significantly different from cells not exposed to HGF (p Ͻ 0.05); #, significantly different compared with control cells not stimulated with HGF (p Ͻ 0.01); **, significantly different compared with control cells not exposed to HGF (p Ͻ 0.001). The results show enhanced association of p-SphK1 and S1P 1 in Spns2 immunoprecipitates after HGF stimulation of HLMVECs. Further, immunoprecipitation of Spns2 and immunostaining with anti-phosphoserine antibody confirmed that HGF stimulated Spns2 serine phosphorylation and not threonine phosphorylation. G, HLMVECs grown on slide chambers to ϳ90% confluence were stimulated with HGF (20 ng/ml) for 30 min and probed with anti-SphK1, and anti-S1P 1 antibodies, and lamellipodia was examined by immunofluorescence microscopy. Co-localization of SphK1 (red) and S1P 1 (green) to lamellipodia (merge, yellow) is depicted. Insets depict enhanced co-localization of SphK1 with S1P 1 in lamellipodia after HGF treatment. H, the co-localization of SphK1 with S1P 1 was quantified using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. I, HLMVECs grown on slide chambers to ϳ90% confluence were stimulated with HGF (20 ng/ml) for 30 min and probed with anti-SphK1 and anti-Spns2 antibodies, and lamellipodia was examined by immunofluorescence microscopy. Co-localization of SphK1 (red) and Spns2 (green) to lamellipodia (merge, yellow) is depicted. Insets depict enhanced co-localization of SphK1 with Spns2 in lamellipodia after HGF treatment. J, the co-localization of SphK1 with Spns2 was quantified using ImageJ software and expressed as relative pixel intensity. At least 20 cells were analyzed for each condition. Con, control; IB, immunoblot. DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 dard lysis buffer (Cell Signaling), and sonicated. The lysates were then centrifuged at 1000 ϫ g for 10 min at 4°C. Supernatants were collected and protein assayed using BCA protein assay kit. For IP, equivalent amounts of protein (1 mg) from each sample were precleared with control IgG conjugated to A/G-agarose beads at 4°C for 1 h and centrifuged at 1000 ϫ g for 10 min in a microcentrifuge, and supernatants were collected and incubated overnight with primary antibody conjugated to A/G-agarose beads at 4°C. After 18 -24 h, the samples were centrifuged at 1000 ϫ g for 5 min in a microcentrifuge centrifuge, and the pellets containing the agarose beads were washed three times with lysis buffer at room temperature. After brief centrifugation at 1,000 ϫ g for 5 min, the beads were col-lected by removing supernatant buffer, and 40 l of SDS sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 0.1% bromphenol blue, 20% glycerol, 200 mM DTT) were added to the beads and boiled. The lysates were then subjected to 10% SDS-PAGE followed by Western blotting. Proteins were detected by immunoblotting using appropriate primary antibodies and HRP-conjugated anti-rabbit or anti-mouse secondary antibodies. Band intensities were quantified by densitometry using ImageJ software.
Sphingosine Kinase 1 Contributes to HGF-induced Lamellipodia
Immunofluorescence Staining-Human lung HLMVECs were fixed with 3.7% formaldehyde at room temperature for 10 min and permeabilized with 0.1% Triton X-100 at room temperature for 10 min. After washing with PBS three times, the FIGURE 12. Akt, but not ERK, mediates Spns2 phosphorylation. A, HLMVECs grown to ϳ90% confluence on 100-mm dishes were pretreated with Akt inhibitor VIII (1 M, 30 min) or ERK inhibitor PD98059 (1 M, 30 min), followed by HGF stimulation (20 ng/ml) for 30 min). Cell lysates (1 mg protein) were subjected to immunoprecipitation with anti-Spns2 antibody, and the immunoprecipitates were run on 10% SDS-PAGE and Western blotted with anti-Spns2 and anti-phosphoserine antibodies. Shown are representative blots from three independent experiments. B, Western blots from A were subjected to image analysis, and the bands were quantified. The values are the means Ϯ S.E. *, significantly different from control cells not stimulated with HGF (p Ͻ 0.05); #, significantly different in cells pretreated with Akt inhibitor and stimulated with HGF as compared with cells stimulated with HGF in the absence of Akt inhibitor (p Ͻ 0.01). C, HLMVECs grown to ϳ90% confluence in 100-mm dishes were pretreated with the ERK inhibitor PD98059 (1 M, 30 min) followed by HGF stimulation (20 ng/ml) for 30 min). The cell lysates (1 mg of protein) were subjected to immunoprecipitation with anti-Spns2 antibody, and the immunoprecipitates were run on 10% SDS-PAGE and Western blotted with anti-Spns2 and anti-phosphoserine antibodies. Shown are representative blots from three independent experiments. D, Western blots from C were subjected to image analysis, and the bands were quantified. The values are the means Ϯ S.E. *, significantly different from control cells not stimulated with HGF (p Ͻ 0.05). E, HLMVECs grown to ϳ90% confluence in slide chambers were pretreated with Akt inhibitor VII(1 M, 30 min) prior to HGF (20 ng/ml) or PBS treatment for 30 min and probed with anti-actin and anti-cortactin antibodies, and lamellipodia formation was examined by immunofluorescence was visualized by immunofluorescent staining as described under "Experimental Procedures." Shown is a representative image from three independent experiments. F, lamellipodia was quantified from E using image analysis software and expressed as a percentage of control. At least 20 cells were analyzed for each condition. The values are the means Ϯ S.E. *, significantly different in cells stimulated with HGF (p Ͻ 0.05); #, significantly different in Akt inhibitor treated cells stimulated with HGF as compared with cells without Akt inhibitor (p Ͻ 0.01). Con, control; IB, immunoblot; Inh, inhibitor. cells were incubated with cortactin, Spns2, SphK1, p-SphK1, or p-Erk antibody (1:100 in 2% BSA/PBS) at room temperature for 1 h. The cells were then rinsed with PBS three times and subsequently incubated with respective secondary antibody conjugated with Alex Fluor 488/568 (1:2000 in 2% BSA/PBS) and Phalloidin 568 at room temperature for 1 h. The cells were then rinsed with PBS three times, coverslips were mounted with gold antifade mounting medium containing Hoechst for DAPI staining, and the cells were examined under Nikon Microscope with 60ϫ oil immersion objective and Meta Vue software.
Quantification of Co-localization of Actin, Cortactin, and SphK1 in Lamellipodia-Co-localization of proteins in lamellipodia was quantified as described previously (13) . Briefly, for each image, background signal was subtracted by drawing a region of interest around the cell periphery of individual cells. All areas outside the cell were cleared to best visualize the leading edges including cell periphery, and the fluorescence intensity within the entire cell was summed by MBF ImageJ bundle (Tony Collins, McMaster University and Wayne Rasband, National Institutes of Health). Pearson's correlation coefficient (PCC) was used as a statistic for quantifying co-localization. PCC was defined by the following formula,
where R i and G i refer to the intensity values of the red and green channels, respectively, of pixel i, and [macron]R and [macron]G refer to the mean intensities of the red and green channels, respectively, across the entire image. Values near 1 reflect the fluorescence intensities of two images that are perfectly and linearly related to one another. Values near 0 reflect distribution of probes that are uncorrelated to one another.
Wound Healing Assay-Wound healing assay was performed as described previously (13, 18) to address effect of siSpns2 on tissue repair. In brief, scramble siRNA-transfected and Spns2 siRNA-transfected HLMVECs were inoculated and grown in a 6-well plate. After confluence, the cell monolayers were scratched along center of the culture well diameter by using a 200-l pipette tip to create a cell-free area (13, 18) . The cells were then treated with PBS or HGF (20 ng/ml) and maintained in growth medium that was supplemented with 2% FBS containing mitomycin C (1 g/ml)) at 37°C with 5% CO 2 . At the indicated time points (0, 3, 5, and 7 h) cells were scratched), and the scratched wound was visualized under a phase contrast microscope (Nikon Eclips TS2000-S), and imaged by a digital camera. Cell-free areas (at least 5-10 fields) were measured by using ImageJ software.
Statistical Analysis-The data are presented as group means Ϯ S.E. Statistical significance was determined with the non-parametric Wold-Wolfowitz runs test. This statistical test was selected because it allows for the evaluation of two different kinds of statistical assumptions, binomial to determine whether co-localization is present or not and Poisson distribution to assess for the randomness of this co-localization. In all cases, statistical significance was defined at p Ͻ 0.05.
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